The diagnostic accuracy of three-dimensional constructive interference in steady state (CISS) magnetic resonance (MR) imaging was evaluated for the assessment of idiopathic moyamoya disease. Six consecutive patients underwent MR angiography, CISS imaging, and digital subtraction angiography. MR angiography and CISS imaging visualization of the steno-occlusive changes in the distal internal carotid arteries and the development of moyamoya vessels in the basal cistern were compared to the results obtained by digital subtraction angiography. MR angiography revealed the steno-occlusive changes correctly in nine and overestimated the changes in three of 12 hemispheres examined. CISS imaging showed the steno-occlusive changes defined as decreased caliber of the internal carotid artery correctly in two, underestimated the changes in nine, and overestimated the changes in one of the 12 hemispheres. MR angiography detected moyamoya vessels correctly in five and underestimated the vessels in seven of the 12 hemispheres. CISS imaging revealed the moyamoya vessels correctly in 10, underestimated the vessels in one, and overestimated the vessels in one of the 12 hemispheres. CISS imaging can supplement MR angiography in the non-invasive diagnosis of moyamoya disease, especially for the evaluation of moyamoya vessels.
Introduction
Moyamoya disease is characterized by progressive steno-occlusive changes within the terminal portions of bilateral internal carotid arteries and by the development of so-called`moyamoya' vessels at the base of the brain. 11, 15) The clinical manifestation of moyamoya disease is typically brain ischemia in children and brain hemorrhage in adults.
The diagnosis of moyamoya disease is based upon the clinical manifestation and angiographic findings. Repeated angiographic studies are frequently required to evaluate the chronological progression of both steno-occlusive changes in the cerebral arteries and the collateral blood flow. Conventional or digital subtraction angiography is invasive and not without risk, so should be avoided if other diagnostic methods are available, especially in pediatric patients. Magnetic resonance (MR) imaging has developed an increased importance in the diagnosis of moyamoya disease due to its inherent non-invasiveness. 1, [5] [6] [7] 9, [12] [13] [14] [16] [17] [18] Although MR angiography is useful in the diagnosis of moyamoya disease, this technology may overestimate the steno-occlusive changes in the internal carotid arteries and underestimate the development of moyamoya vessels. 9, 13, [16] [17] [18] Three-dimensional constructive interference in steady state (CISS) MR imaging, a steady-state free precession sequence, provides high spatial resolution of the brain structure and high contrast between the cerebrospinal fluid and extramedullary structures. 2, 3, 8) The high spatial resolution of CISS images may provide supplementary information to that obtained with MR angiography concerning the stenoocclusive changes in the cerebral arteries and moyamoya vessels. This study evaluated the usefulness of CISS images for the diagnosis of moyamoya disease.
Materials and Methods
Six consecutive patients (3 females and 3 males) aged 8 to 67 years old (mean 28.3 years) underwent MR angiography and CISS images, as well as digital subtraction angiography, were performed on all six patients within a week. Maximum intensity projection images were used to evaluate MR angiograms in all six patients, and the source images were used in five patients. Steno-occlusive change of the vessels on CISS images was defined as decreased caliber of the vessels.
Visualization of both steno-occlusive changes within the terminal portions of the intracranial internal carotid arteries and the moyamoya vessels in the basal cisterns were evaluated in 12 cerebral hemispheres based on the consenting view of two observers (M.K. and M.N.). Digital subtraction angiography (1024 × 1024 matrices) was used as a gold standard for the other imaging modalities.
The following scoring system was applied for visualization of the terminal portion of the internal carotid arteries on MR angiograms and CISS images: 0 ＝ no stenosis or normal caliber of the vessel, 1 ＝ moderate stenosis or moderate decrease of the vessel caliber (º70%), 2 ＝ marked stenosis or marked decrease of the vessel caliber (À70%), and 3 ＝ occlusion or non-visualization of the vessel. The scoring system for visualization of moyamoya vessels was as follows: 0 ＝ no visualization, 1 ＝ minimal visualization, 2 ＝ moderate visualization, and 3 ＝ marked visualization.
Results
MR angiography revealed steno-occlusive changes in the terminal portion of the internal carotid arteries correctly in nine and overestimated the changes in three of the 12 hemispheres examined (Table 1, Figs. 1C and 2C). The CISS images showed the steno-occlusive changes correctly in two, underestimated in nine, and overestimated the changes in one of the 12 hemispheres (Table 2 , Figs. 1D, 1E, and 2D-F). The CISS images disclosed angiographically occluded internal carotid arteries in six hemispheres as distinct structures in the basal cisterns, leading to underestimation of occlusion of the internal carotid arteries.
MR angiography detected moyamoya vessels in the basal cisterns correctly in five and underestimated in seven of the 12 hemispheres (Table 3, Figs. 1C and 2C). The CISS images displayed the moyamoya vessels correctly in 10, underestimated the vessels in one, and overestimated the vessels in one of the 12 hemispheres (Table 4, Figs. 1D, 1E , and 2D-F).
Discussion
MR imaging may show moyamoya disease as any of the following: a) infarction, hemorrhage, brain atrophy, and ventricular dilation; b) absence of flow void in the distal internal carotid artery and/or in the proximal portion of the anterior and/or middle cerebral arteries; and c) a fine flow void in the dilated perforating arteries in the base of the brain (moyamoya vessels). 1, [5] [6] [7] 9, 14) In addition to these classic features, leptomeningeal contrast enhancement in the cerebral cortices may be observed. 10, 12) " Fig. 1 A 30 Moyamoya Disease and CISS Images MR angiography can demonstrate the stenoocclusive changes in the distal internal carotid arteries and/or proximal anterior and/or middle cerebral arteries, and moyamoya vessels at the base of the brain. 9, 13, 16, 18) However, MR angiography may overestimate the steno-occlusive changes in the distal internal carotid arteries due to phase dispersion in the turbulent flow, and underestimate moyamoya vessels due to low spatial resolution. 9, 13, [16] [17] [18] Underestimation of moyamoya vessels particularly occurs in adults because moyamoya vessels in adults are less apparent than in children. 9, 18) MR angiography correctly detects the stenoocclusive changes in the internal carotid arteries in 73-87.5% and overestimates these changes in 12.5-27% of hemispheres. 9, 13, [16] [17] [18] In addition, MR angiography demonstrates moyamoya vessels correctly in 65-76.9%, underestimates these vessels in 8.3-31%, and fails to detect them in 15.1-16.7% of hemispheres. 13, [16] [17] [18] MR angiography showed moyamoya vessels correctly in 92.3% of pediatric cases. However, moyamoya vessels were only shown correctly in 69.0%, and were not detected in 31.0% of hemispheres in adult cases. 9) CISS imaging is useful in the diagnosis of cerebellopontine angle pathologies because of the high spatial resolution, high contrast between soft tissue and cerebrospinal fluid, and fewer motion artifacts resulting from cerebrospinal fluid motion. 2, 3, 8) CISS images underestimated the steno-occlusive changes defined as decreased caliber in the distal internal carotid arteries in 75% of the hemispheres in our series. This high rate of underestimation by CISS imaging may be due to the method of visualization of the vascular structure. CISS imaging detected moyamoya vessels more correctly than MR angiography (83.3% vs. 41.7%) in our series due to its high sensitivity to the small vessels in the cisterns. Although CISS imaging does not demonstrate the actual blood flow, we believe that there is sufficient blood flow in the moyamoya vessels for CISS imag- ing to detect distinct structures. If the blood flow in moyamoya vessels is reduced, CISS imaging may fail to depict them because the moyamoya vessels are compromised, as seen by digital subtraction angiography. The noninvasive diagnosis of moyamoya disease is impossible if MR angiography fails to demonstrate moyamoya vessels, which occurs in approximately 15% of patients. Since most errors in diagnosis using MR angiography result from the underestimation of moyamoya vessels, 17) we believe that CISS imaging may become important in the delineation of moyamoya vessels. CISS imaging can detect moyamoya vessels in the cisterns, but not intraparenchymal moyamoya vessels. Intraparenchymal moyamoya vessels are usually observed in patients with well-developed moyamoya vessels, especially in pediatric moyamoya disease patients. Thus, CISS imaging is most useful for detecting moderately developed moyamoya vessels in the cisterns, especially in adults.
High-field (3.0 Tesla) T 2 -weighted MR imaging can visualize the detailed anatomy of the brain, especially of the extraaxial structures, due to its high signalto-noise ratio and heavy T 2 contrast. MR imaging clearly reveals moyamoya vessels in the basal cistern. 4) However, high-field MR imaging technology is considered investigative equipment and is not cost-effective at present. The spatial resolution of the CISS images was less than 0.9 mm in any orthogonal plane in the present series, which is one of the highest spatial resolutions obtained using com- 
